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Monte Carlo simulations have been performed to model the gamma ray emission and attenuation
properties of common rocks. In geologic materials, 40K, 238U, and 232Th are responsible for most gamma
ray production. If the concentration of these radioelements and attenuation factors such as degree of
water saturation are known, an estimate of the gamma-ray exposure rate can be made. The results show
that there are no signiﬁcant differences in gamma-ray screening between major rock types. If the total
number of radionuclide atoms are held constant then the major controlling factor is density of the rock.
Finally, the thickness of regolith or soil overlying rock can be estimated by modeling the exposure rate if
the radionuclide contents of both materials are known.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The decay of three primary radioisotopes that are responsible
for the emission of gamma rays from natural materials: 40K, 238U,
and 232Th. While 238U and 232Th do not directly emit easily
detectable gamma rays, rather they decay into a series of radioac-
tive daughter isotopes, some of which, such as 214Bi in the 238U
decay chain and 208Tl in the 232Th day chain, produce detectable
gamma rays. Exposure rate is a measure of the number of ioniza-
tions produced in a quantity of air by photon radiation per unit
time. There is a linear relationship between the concentration of
these radioelements and the gamma-ray exposure rate 1 m above
the surface; given a homogenous inﬁnite half-plane source (Beck
et al., 1972; Gasser et al., 2014; Grasty et al., 1984; Løvborg and
Kirkegaard, 1974). Because of this linear relationship, if the expo-
sure rate contribution of each nuclide is understood, then the total
exposure rate can be determined by simply summing the contri-
bution from each nuclide. However, differences in screening
properties of the rocks and soil can have an effect on the resulting
exposure rate. This study attempts to quantify how differences in
rock bulk chemistry and density affect terrestrial gamma-rayaber), MalchoRL@nv.doe.gov
y).
Ltd. This is an open access article uexposure rates by deriving concentration to exposure rate co-
efﬁcients for various rock types. This study is part of a larger
research and development project, a collaboration between Uni-
versity of Nevada, Las Vegas and National Security Technologies,
LLC. (NSTec), that attempts to predict the gamma-ray exposure rate
of geologic materials.
There is a long history of deriving exposure rate or dose co-
efﬁcients for concentrations of 40K, 238U (sometimes reported as
226Ra) and 232Th (Beck et al., 1972; Duval et al., 2005; Gasser et al.,
2014; Løvborg and Kirkegaard, 1974). Beck et al. (1972) were the
ﬁrst to derive exposure rate coefﬁcients for nuclide concentrations
by comparing NaI(Tl) detector activity measurements of K, and U
and Th daughter isotopes in a soil to available branching ratios and
assuming homogenous distribution of nuclides. Løvborg and
Kirkegaard (1974) also derived similar coefﬁcients by theoretical
calculation, using computer code they designed and branching
ratios determined by a statistically weighted average of twelve
previously published studies. Grasty et al. (1984) averaged the co-
efﬁcients from Beck et al. (1972) and Løvborg and Kirkegaard (1974)
for use in a national scale aerial gamma ray survey in Canada. Duval
et al. (2005) updated Grasty's coefﬁcients for the USGS's National
Uranium Resource Evaluation (NURE) Survey to reﬂect units of dose
(nGy/h). These coefﬁcients are used here to calculate exposure rate
(mR/h) by assuming a conversion of 0.1 from nGy/h to mR/h (Cember
and Johnson, 2009).
Gasser et al. (2014) calculated new concentration to dosender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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account different soil chemistries and levels of water saturation. All
of Gasser et al. (2014) simulations are of generic soil chemistries at a
density of 1.6 g/cm3. To date no known studies have examined to
what degree variations in common rock chemistry and density
might alter the gamma-ray screening properties. Therefore, this
study represents a ﬁrst attempt to derive exposure rate coefﬁcients
for common rocks.
The attenuation of electromagnetic radiation as it passes
through a homogenous material can be described by the Beer-
Lambert Law (Lambert, 1760), as follows:
I ¼ IOemX (1)
where Io is the initial intensity, m is the mass attenuation coefﬁcient
speciﬁc to the material, and X is the thickness of the material. The
previous studies by Beck et al. (1972) and Løvborg and Kirkegaard
(1974) used this basic principal along with assumed mass attenu-
ation coefﬁcients to determine their concentration to exposure rate
coefﬁcients. Gamma-ray attenuation in geologic materials should
follow this basic principal when attenuation factors such as rock
chemistry, water saturation, and air in void spaces are considered
(Beamish, 2013). While MCNP simulations do not use the Beer-
Lambert law to calculate interactions, a successful simulation
should be related to this model.
Previous studies focused on screening by a single homogenous
body however, in natural environments; there are processes that
can create small scale layering of materials with different densities
and radiologic properties. Alluvial processes bring eroded material
from topographic highs and ﬁll in topographic lows. Another pro-
cess is eolian addition, whereby windblown material, often from
regional or global sources, settles on the surface of geologic mate-
rial (Reheis et al., 2009). Chemical weathering may also lead to
either enriched or leached horizons at the surface. No matter the
process, surﬁcial material may have signiﬁcantly different chem-
istry, density, and radiogenic properties than the material it
overlies.
2. Methods
Monte Carlo N-Particle Transport Code v6 (MCNP) was used to
simulate the interaction of gamma ray photons with geologic ma-
terials (Pelowitz, 2008). A series of simple simulations have been
created using MCNP to test the screening properties of various rock
types as well as differences in density and the effects of layering of
materials.
MCNP is code developed by Los Alamos National Laboratory for
analyzing the transport of gamma ray photons and neutrons over a
broad range of energies. The code simulates the transport of these
particles and any secondary particles created from interactions
within the simulated space. MCNP operates by a random number
generator that decides, for each simulated particle, the initial ve-
locity as well as the velocity and direction at each stage of the
simulation. The path of the particle is referred to as a track. At each
stage of the simulation, the status of each particle is calculated by
stochastic probabilities to determine if the particle has interacted
with any of the chemical elements present in its current location. In
the case of gamma rays, the photon may interact by means of:
photoelectric absorption, which would terminate the track of the
photon and produce a secondary electron; Compton scattering,
whichwould scatter the photon at an angle and produce a scattered
electron; or pair production, which replaces the photon with an
electron-positron pair. If the photon has not interacted it continues
on its current track. The secondary particles created by the inter-
action mechanisms have their own tracks that are calculated bysimilar means.
TheMCNP input ﬁle consists of a series of “cards” that deﬁne the
parameters of the simulation. The geometry of the simulation is
deﬁned by “cell cards” and “surface cards”. The cell cards deﬁne the
shape of each object and the surface cards deﬁne the placement of
chemistry in the cell. “Material cards” deﬁne the chemistry of each
cell based on mass fractions, which are homogenously distributed
within the cell. Radiation sources are assigned with a “sdef card”
and may encompass more than one cell. Within the sdef card the
range and probability distribution of particle energies (i.e.
branching ratios) is deﬁned to simulate particle emissions from a
particular source (e.g., 238U). A “tally” region is also deﬁned that
counts the energy deposited within that region. The simulation
generates a user deﬁned type and number of particles and termi-
nates when those particles have been generated and have reached
the end of their track by either losing all of their energy due to
interactions or by leaving the simulated space.
A geometry template composed of a cylindrical rock slab 50 cm
thick with a 10 m radius, and an atmosphere 10 m in thickness and
radius directly above was used in each simulation. Two layer sim-
ulations to investigate the effects of layered material were similarly
composed; however, the rock cylinder's thickness was reduced and
an additional cylinder was placed on top to represent the surﬁcial
layer. The total thickness of both cylinders remained 50 cm even as
the thickness of the top material was increased. The geometry of
the template was chosen using results published by Gasser et al., in
2014, who demonstrated that asymptotic values for their concen-
tration to dose coefﬁcients were reached using a cylindrical source
with a 50 cm soil depth and a 10 m radius. Bulk chemistry and
radionuclides were homogenously distributed within each source
(i.e. the rock or surﬁcial layer). One meter above the surface of the
cylindrical rock slab there is a sphere with a radius of 50 cm that is
also composed of atmosphere that acts as the tally region to
calculate the exposure rate at that distance from the source.
In each simulation, 1.0  1010 gamma ray photons are generated
for each nuclide using energies and branching ratios obtained from
the National Nuclear Data Center. Energy deposited in the sphere is
accumulated into 1024 equally sized bins ranging from energies of
3e3075 keV. Exposure rate is calculated by the following equation:
X
,
¼
X1024
d¼1

1:837 108

MfiAiNAliYjEd
.
NAriMair (2)
where, X
,
is the exposure rate in mR/h, fi is the mass fraction of the
element, Ai is the relative abundance of the nuclide, li is the decay
constant of the nuclide, Yj is the yield percentage, Ari is the relative
atomic mass of the isotope in g/mol, Ed is the energy deposited in
each bin in the detection sphere in keV, N is the total number of
photons generated, M is the mass of the rock slab, Mair is the mass
of the atmosphere in the energy detection sphere, NA is the Avo-
gadro constant, and 1.837  108 in gmR/MeV. The constant
1.837  108 gmR/MeV was determined by using commonly
accepted conversion values for eV/ion pair, C/ion pair, and (C/kg)/R.
To evaluate the statistical uncertainty of the MCNP simulations,
the same model was run 10 times with random number seeds. The
maximum difference between the simulations is approximately 1%.2.1. Rock materials
To test the gamma-ray screening of various rock types, world-
wide averages were used for bulk chemistry and density of com-
mon rocks. The following rock types were tested: basalt, gabbro,
rhyolite, granite, limestone, and gypsum rich siltstone. Bulk
chemistry and density for basalt, rhyolite, and limestone were
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granite were taken from Hess (1989). For the gypsum rich siltstone,
the chemistry was obtained from Pabco Gypsum, Inc (Sloan, 2011);
a company that is actively mining a radiologically cool gypsum
deposit in Southern Nevada.
To test the accuracy of the concentration to exposure rate co-
efﬁcients, comparisons were made between exposure rates calcu-
lated from K, U, and Th concentrations measured by Inductively
coupled plasma mass spectrometry (ICP-MS), and exposure rates
determined from whole spectra taken by aerial survey. NSTec per-
formed an aerial survey in two locations in Southern Nevada,
Government Wash and the western shore of Lake Mohave. The
survey was performed with a helicopter equipped with 12 2.1 L
NaI(Tl) crystals and collected spectra at an altitude of 100m at 1 s
intervals with line spacing's of 100 m. Exposure rate is determined
by summing the counts from approximately 24 keV to 3 MeV,
subtracting cosmic, equipment related, and atmospheric back-
ground, accounting for air attenuation between the ground and the
aircraft and applying an empirically derived count to exposure rate
coefﬁcient (IAEA, 2003). Eleven soil and rock samples were
collected in the two ﬁeld locations to determine K, U, and Th values
independent of the aerial survey (Haber, 2016). Aerial survey points
within 50m of the sampling locations were averaged to account for
footprint effects of the detectors (Haber, 2016).2.2. Density
To test the effects of density the absolute number of radionu-
clides was held constant while the density was increased in the
simulation by an order of magnitude. Densities of 1, 2, 3, 4, 5, 7, 9,
and 10 g/cm3 were tested using rhyolite lithology with a concen-
tration of 2.99  102 mol 40 K/m3, 4.20  103 mol 238U/m3, and
4.31  103 mol 232 Th/m3.2.3. Two-layer model
To test how the presence of layers of different composition affect
the exposure rate, a two-layer model was created according to the
scheme described above for two different material types. The un-
derlying rock unit was composed of basalt in both sets of simula-
tions. In the ﬁrst series of simulations the overlying material was
composed of regional dust chemistry from the Desert Southwest
provided by Reheis et al. (2009), at a density of 1.6 g/cm3. The
second series of simulations used the same gypsum rich siltstone
described in the rock materials test which also has a density of
1.6 g/cm3. In this series of simulations, the thickness of the top
material was increased from a thickness of 0.5 cme40 cm. For each
simulation, the exposure rate contributionwas assessed for 1 K wt%
(henceforth %), 1 U ppm, and 1 Th ppm from each source and
plotted against the top layer thickness.Table 1
Exposure rate coefﬁcients (mR/h per % K or (U,Th) ppm) determined via Monte Carlo sim
gabbro, granite and limestone chemistry taken from world averages (Hess, 1989; Winter
Rock type/density (g/cm3) Exp rate (mR/h) per % K
Basalt/2.90 1.25 (0.01)
Gabbro/3.0 1.24 (0.01)
Rhyolite/2.50 1.24 (0.01)
Granite/2.70 1.24 (0.01)
Limestone/2.50 1.22 (0.01)
Gypsum rich siltstone/2.30 1.22 (0.01)3. Results
3.1. Rock materials
The concentration to exposure rate coefﬁcients determined
from the various rock materials simulations are reported Table 1.
The K coefﬁcients range from 1.22 to 1.25 mR/h per % K with un-
certainties of 0.01. U coefﬁcients range from 0.405 to 0.420 mR/h per
ppmwith uncertainties of 0.005. Th coefﬁcients range from 0.213 to
0.220 (mR/h) per ppm with uncertainties ranging from 0.002 to
0.003. Comparisons between exposure rates calculated using con-
centration to exposure rate coefﬁcients from K, U, and Th concen-
trations determined by ICP-MS and exposure rates determined by
aerial survey are reported in Fig. 1.
3.2. Density
The results of the density tests are reported in Fig. 2 and
Table S1. At a density of 1 g/cm3 the summed exposure is 1.76 (0.01)
mR/h dropping to a summed exposure of 0.185 (0.004) mR/h at a
density of 10 g/cm3.
3.3. Two-layer model
Concentration to exposure rate coefﬁcients for the layered ma-
terial tests are reported in Fig. 3 and Table S2. The coefﬁcients for
the rock layer range from 1.25 to 0.01 mR/h per % K; 0.417 to
0.003 mR/h per U ppm; 0.220 to 0.002 mR/h per Th ppm; as the rock
thickness is decreased from 50 cm to 10 cm. The coefﬁcients for the
top layer range from 0.08 to 1.20 mR/h per % K; 0.03e0.39 mR/h per U
ppm; 0.02e0.20 mR/h per Th ppm; as the top material thickness is
increased from 0 cm to 40 cm.
4. Discussion
4.1. Rock materials
The simulations show that there is little difference between rock
types in terms of gamma-ray screening (Table 1). Even the gypsum
rich material, which is signiﬁcantly hydrated, produced concen-
tration to exposure rate coefﬁcients that are less than 3% different
from the other rocks. This is consistent with the ﬁndings of Gasser
et al. (2014) whose tests on various soil types also showed little
deviation. The average concentration to exposure rate coefﬁcients
from the simulations (reported as mR/h per K % or (U,Th)ppm) are
1.24 (0.01), 0.414 (0.005), and 0.217 (0.003) for 40K, 238U, and 232Th
respectively. These coefﬁcients closely compare with previous
studies reported in Table 2.
When comparing the exposure rates calculated using the con-
centration to exposure rate coefﬁcients from this and previous
studies to the exposure rates determined from the aerial survey
whole spectra (Fig. 1), the coefﬁcients from this study have the
smallest residuals with the aerial survey at exposure rates < 6 mR/hulations for each rock type tested and their statistical uncertainties. Basalt, rhyolite,
2010). Gypsum rich siltstone chemistry was obtained from Sloan, 2011.
Exp rate (mR/h) per U ppm Exp rate (mR/h) per Th ppm
0.417 (0.005) 0.220 (0.003)
0.415 (0.005) 0.218 (0.003)
0.420 (0.005) 0.218 (0.003)
0.416 (0.005) 0.219 (0.003)
0.405 (0.005) 0.213 (0.002)
0.409 (0.005) 0.213 (0.002)
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Fig. 1. Aerial survey exposure rates (mR/h) compared to coefﬁcient calculated exposure rates (mR/h) from rock and soil sample geochemistry determined by ICP-MS. The line is a one
to one line to aid the eye. Vertical uncertainties are based on the analytical uncertainty associated with the ICP-MS results. Horizontal uncertainties are based on the number of
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studies (Fig. 1). However, at higher exposure rates (>6 mR/h) the
coefﬁcients provided by Duval et al. (2005) have smaller residuals
than the coefﬁcients from this study (0.42 vs 0.68 mR/h). All other
coefﬁcients have higher residuals than this study. These results
suggest that the relationship between radionuclide concentration
in the ground and exposure rate as measured by aerial survey is not
entirely linear, due to several factors including: non-energy0.0
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The density simulations in combination with the rock materials
simulations show that indeed rock density is the largest controlling
factor in terms of gamma-ray attenuation from geologic material.8 10 12
K
U
Th
Total Exp Rate
in radionuclides. K, U, and Th values are 1% and 1 ppm respectively at a density of 1 g/
00.2
0.4
0.6
0.8
1
1.2
1.4
0 5 10 15 20 25 30 35 40
Ex
po
su
re
 R
at
e 
(μ
R/
h)
Thickness of Top Material (cm)
K
U
Th
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 5 10 15 20 25 30 35 40
Ex
po
su
re
 R
at
e 
(μ
R/
h)
Thickness of Eolian Material (cm)
K
U
Th
a) 
b) 
Fig. 3. The behavior of the rock (a) and top material (b) exposure rate as the thickness of the top material increases. K, U, and Th values are 1% and 1 ppm respectively. Uncertainties
are smaller than the symbol. The curves are a ﬁt to the Beer Lambert law with a mass attenuation coefﬁcient of 0.108 and initial exposure rate (I0) of 1.238, 1.414, and 0.217 mR/h for
K, U, and Th respectively. I0 should be multiplied by the concentration of each nuclide.
D.A. Haber et al. / Journal of Environmental Radioactivity 167 (2017) 20e2524Therefore, a change in density without a corresponding change in
the total number of nuclides is a much greater controlling factor
than bulk rock chemistry in any geologic system. Rocks are typically
2e3 g/cm3 but can be reduced to a density of 1.6 g/cm3 or less under
certain erosional conditions (Michel, 1984). For example, during
saprolite formation when the rock is chemically weathered andTable 2
Concentration to exposure rate coefﬁcients determined by previous studies and this study
expressions assuming a ﬂat inﬁnite homogenous source with a detector 1 m above the g
work and converting to absorbed dose (nGy/h) and are used here assuming a 0.1 conversio
with various geometries ranging from a soil source ranging from 1 cm to 2 m in depth an
values for dose conversion factors determined by Gasser et al. (2014) with a 50 cm thick 1
above the source.
Publication Exp rate (mR/h) per % K
Beck et al. (1972) 1.49
Løvborg and Kirkegaard (1974) 1.52
Duval et al. (2005) 1.32
Gasser et al. (2014) 1.118
This Study 1.238leached in place many major elements, including K, are lost.
However, U and Th tend to remain and associate with secondary
iron oxides and therefore increase in concentration due to the
overall loss of mass (Lee and Baik, 2009; Michel, 1984; Patino et al.,
2003).. Beck et al. (1972) and Løvborg and Kirkegaard (1974), were determined by analytical
round. Duval et al. (2005) was determined by averaging coefﬁcients from previous
n between nGy/h and mR/h. Gasser et al. (2014) consisted of aMonte Carlo Simulation
d radius ranging from 1 to 35 m. The geometry for this study is based on asymptotic
000 cm radius cylindrical source, atmosphere above, and an air detection sphere 1 m
Exp rate (mR/h) per U ppm Exp rate (mR/h) per Th ppm
0.62 0.31
0.63 0.31
0.548 0.227
0.360 0.196
0.414 0.217
Table 3
Exponential ﬁt to the two-layer model results and R2 values.
Nuclide Exponential ﬁt R2
Rock exposure
K y ¼ 1.2449e0.106x 0.98
U y ¼ 0.4061e0.113x 0.99
Th y ¼ 0.2156e0.106x 0.99
Top material exposure
K y ¼ 0.2768ln(x) þ 0.153 0.98
U y ¼ 0.0916ln(x) þ 0.0593 0.98
Th y ¼ 0.0477ln(x) þ 0.0286 0.98
D.A. Haber et al. / Journal of Environmental Radioactivity 167 (2017) 20e25 254.3. Two-layer model
The two-layer model simulations have shown that as the lower
density top material thickens due to deposition, the exposure rate
from the rock drops off nearly exponentially and exposure rate from
the top material increases nearly logarithmically (Fig. 3). The
summed exposure of bothmaterials remains constant because both
materials weremodeled with the same nuclide concentrations. The
results of both the eolian material and the gypsum rich material are
statistically identical and therefore only the results of the gypsum
rich siltstone simulations are presented here. These results can be
ﬁt with the Beer-Lambert law described above (Equation (1)) with
R2 values that range from 0.98 to 0.99 (Table 3). However, not all of
the data fall on the Beer-Lambert curve. The Beer-Lambert curve
tends to systematically over predict the exposure rate for thin
layers of overburden and under predict exposure rates for thick
layers of overburden (Fig. 3). This is likely due to the fact that the
Beer-Lambert law assumes a point source external to the absorber
not a distributed source within the absorber. To apply the model
results a ﬁtting function, such as a 4th order polynomial, would be
more appropriate for interpolating between the model data points.
For example, in an area where the geochemistry of both the
bedrock and overburden are well characterized the model results
could be used to predict the thickness of the overburden from aerial
or ground-based gamma-ray survey data.
5. Conclusions
These results demonstrate that gamma-ray screening properties
are constant across many common rocks. Concentration to expo-
sure rate coefﬁcients for the concentrations of 40K, 238U and 232Th
determined from the rock materials simulations are in agreement
with previous studies and closely compare to exposure rates
calculated from whole spectra. The results also show that density,
not rock chemistry, is the determining factor in terms of gamma-
ray screening efﬁciency in geologic materials. Finally, the model
results can be used to estimate the thickness of the depth of a
layered geologic material if the K, U, and Th concentrations are
known.
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